, whose roles have recently begun to be elucidated. These accessory proteins are important in T-cell activation, transcriptional regulation, viral persistence, and virus assembly. The viral oncogene Tax is thought to be largely responsible for tumorigenesis, although the precise mechanisms underlying transformation are not completely understood. Tax has a profound impact on transcription, cell growth regulation, genomic stability and apoptosis. This review will provide possible contributions of the accessory proteins to transformation as well as highlight the alterations of the above-mentioned cellular events by Tax. Animal models of both Tax and the accessory proteins are also included based on the essential information on the transformation process in vivo that they provide.
INTRODUCTION
Human T-cell leukemia virus type-1 (HTLV-1) is the first human retrovirus to be associated with a human malignancy (1, 2). It is estimated that 10-20 million people are infected worldwide (3) and infection is endemic in southern Japan, South America, Africa, the Caribbean, the Middle East, the Pacific Melanesian Islands, and Papua New Guinea (4, 5). Transmission occurs through three main routes; breast milk (mother to child), semen (sexual intercourse) and blood (transfusion). The main target cells for HTLV-1 infection are CD4 + T-cells, but the virus can also infect CD8 + T-cells, B-cells, and macrophages. HTLV-1 is the etiologic agent of both adult T cell leukemia (ATL) and the neurological disorder, HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP). In addition, it has also been implicated in other diseases such as uveitis and dermatitis (4).
ATL
is a CD4 + non-Hodgkin leukemia/lymphoma. HTLV-1 infection leads to disease in about 5-10% of infected individuals after a long latency period spanning decades. This long latent period reflects the inefficiency of these viruses to transform cells and the need for multiple cooperative changes in growth control mechanisms to induce tumorigenesis. ATL patients display abnormal lymphocytes, the so-called "flower cells", which have cleaved and convoluted nuclei. The classifications of ATL are acute, chronic, lymphoma, or smouldering ATL. The acute and lymphoma subtypes have a median survival rate of less than one year, which is predominantly due to the lack of effective treatment for ATL patients.
Compared to other animal and primate RNA viruses, HTLV-1 is a complex retrovirus. The HTLV-1 genome consists of a 5' long terminal repeat (LTR) region, group specific antigen (gag), protease (pro)/polymerase (pol), and envelope (env) genes, and a 3' LTR, which are common to most retroviruses (figure 1). In addition, the HTLV-1 genome encodes for several regulatory and accessory proteins via alternative splicing and an internal initiation codon between env and the 3' end called the pX region. The pX region consists of four open reading frames (ORFs) (I to IV), of which pX-IV and pX-III encode the Tax and Rex proteins, respectively, as well as p21 rex , a protein of unknown function encoded by pX-ORF III. pX-I and II produce singly or doubly spliced transcripts, encoding for the four accessory proteins, p12 Rex is necessary for the export of unspliced viral RNA from the nucleus (6). The accessory proteins were originally thought to be unnecessary for viral replication, but studies have shown their importance in T-cell activation, transcriptional regulation, viral persistence, and virus assembly (7). Therefore, the contribution of these proteins to survival of the virus as well as possible contributions to the oncogenic process will be discussed. Next, the review will focus on the 40-kDa protein, Tax, which is the major protein involved in transformation events leading to ATL. There are four broad categories of cellular events that Tax alters which contribute to tumorigenesis, including transcription, cell growth, genomic stability, and apoptosis. Finally, animal models of Tax, which provide important insights into the in vivo functions of this viral protein, will also be addressed.
HTLV-1 ACCESSORY PROTEINS
The role of Tax as a transforming agent is very well established in HTLV-1 infected cells. Although no direct role for the accessory proteins in transformation has yet been proven, they are fundamental for viral replication and persistence of infection (11, 20) , events that are a prerequisite for transformation of host cells by Tax. The accessory proteins were shown to be expressed in infected patients by detecting cytotoxic T-cells that are able to recognize pX-I and pX-II peptides as well as serum antibodies directed against recombinant proteins and peptides representing these accessory proteins (8-10). There has been several reports published in the past few years highlighting the importance of accessory proteins in viral infectivity and maintenance of a high viral load (11), host cell activation, and regulation of gene transcription (12-14).
pX-ORF-1 accessory proteins: p12
I and p27 I 3.1.1. Structure and localization of p12 I The p12 I accessory protein is encoded by both singly spliced mRNA pX-ORF-I and doubly spliced mRNA pX-rex-ORF-I, which could alternatively code for p27
I (see the following section for details). The singly spliced p12
I encodes a membrane-associated hydrophobic protein made up of 99 amino acid residues (15). p12 I contains two potential transmembrane regions, TM-1 and TM-2, four SH3 binding motifs (PXXP) which are highly conserved among viral strains, a leucine zipper region that allows the formation of dimers or oligomers (16), and a dileucine (DXXXLL) motif whose function is not yet defined. The p12 I protein exhibits significant amino acid sequence similarity between latent membrane protein-1 (LMP-1) of Epstein-Barr virus, E5 transformation protein of bovine papillomavirus, and the transmembrane proteins of slowly transforming retroviruses (17) . Similarity between p12
I and E5 is not only restricted to the structural level but also extends to biological behavior. For example, Franchini et al. demonstrated that p12
I strongly potentiated the transforming activity of E5 in mouse fibroblasts and, like E5, could bind the 16K protein, a component of the vacuolar H+ ATPase (18), although the significance of this binding is not yet completely clear.
p12 I : Viral infectivity and T-cell activation
Initial studies about the role of p12 I in viral replication and transformation have revealed that mutations which are predicted to abrogate the expression of p12 I , p13 II , and p30 II , had no effect on viral replication or the immortalization of mitogen activated primary lymphocytes in vitro (19). However, when these mutated HTLV-1 clones were inoculated in rabbits, the results showed the essential role of HTLV-1 p12 I in the establishment of persistent viral infection in this in vivo model (20). Standard in vitro systems, using primary lymphocytes activated by the exogenous addition of IL-2 and phytohemagglutinin (PHA), have failed to demonstrate the contribution of p12 I to viral infectivity and ultimately cellular transformation. A study using multiple in vitro co-culture assays evaluated the role of p12 I in viral infectivity in quiescent peripheral blood mononuclear cells (PBMC), co-cultured with a variety of HTLV-1-producing cells, in the absence of exogenous stimuli to more accurately reflect the virus-cell interactions in vivo, as observed in animal models. These kinds of assays were able to demonstrate a dramatic reduction in viral infectivity in quiescent T lymphocytes for the p12 I mutant viral clone, ACH.p12, in comparison to the wildtype ACH clone. Moreover, the addition of mitogens to cells, such as IL-2 and phytohemagglutinin (PHA), during infection, completely rescued the ability of the mutant virus to infect primary quiescent lymphocytes. When newly infected primary lymphocytes were used to passage the virus, ACH.p12 also exhibited a reduced ability to productively infect activated lymphocytes. This study demonstrated that p12 I is required for optimal viral infectivity in quiescent primary cells and suggests a role for p12 I in T-lymphocyte activation (21). These findings parallel animal model data and suggest a role for p12 I in the activation of quiescent lymphocytes as a prerequisite for effective viral replication in vivo (22).
Later studies have shown that p12 I activates Tcells during early stages of infection through the elevation of intracellular calcium levels. In fact, p12
I was found to accumulate within both the endoplasmic reticulum (ER) and cis-Golgi apparatus and directly bind to calnexin and calreticulin. Calnexin and calreticulin are calcium-binding proteins located in the ER and are important for calcium storage and release from the ER by acting as a calcium buffer (23). Nuclear factor of activated T-cells (NFAT) seems to be an important downstream readout for TCR activation (24). NFAT is a key transcription activator in T cells that is regulated by dephosphorylation by the calcium/calmodulin-dependent serine/threonine phosphatase, calcineurin, which is activated by the increase in cytoplasmic calcium. Dephosphorylated NFAT translocates from the cytoplasm to the nucleus to induce the expression of downstream genes such as IL-2 (25). Albrecht et al. suggested a model in which p12
I causes the release of calcium from the ER, possibly through interaction with calnexin or calreticulin, thus leading to the activation of NFAT2, the predominantly induced NFAT isoform in activated T-cells. However, the Ras/MAPK pathway, an important pathway that leads to the activation of the AP-1 transcription factor also associated with TCR signaling, acts synergistically with p12 I -induced calcium release from the ER in order to induce NFAT-2 activation (12). Therefore, p12
I appears to induce calcineurindependent NFAT activation either indirectly by affecting cytoplasmic calcium levels or directly by p12 I binding to calcineurin. This binding occurs through a conserved calcineurin-binding motif on p12 I , highly homologous to the PXIXIT calcineurin-binding motif of NFAT (13). Although a p12 I -induced calcium release from the ER was previously observed, the exact mechanism was not addressed. Ding et al. demonstrated that, while p12 I increased the intracellular calcium level, the calcium content in the ER stores was reduced. The authors suggest that this effect was partially due to IP3 receptors in the ER, since addition of an IP3 receptor inhibitor blocked calcium release as well as p12 I -mediated NFAT activation. In addition, inhibition of calcium release-activated channel (CRAC) in the plasma membrane showed that calcium influx into the cells was also important for NFAT activation by p12 I . Furthermore, this study demonstrated that although p12 I and calreticulin were found to bind and co-localize within the cell, this binding did not correlate with NFAT activation mediated by p12 I (26). A subsequent study has shown that p12 I enhanced NFAT-induced IL-2 production during T-cell activation (27). p12 I can also activate T-cells independently of the NFAT pathway. In fact, p12
I physically binds to the cytoplasmic domain of the interleukin-2 receptor (IL-2R) beta chain that is involved in the recruitment of the Jak1 and Jak3 kinases, and enhances Stat 5 activation, conferring a proliferative advantage of PBMCs in a context of decreased requirement for IL-2 (28).
Another interesting observation suggests that p12 I induces infection persistence by allowing the cells to evade the immune system. p12
I physically binds to free human major histocompatibility complex class I heavy chains (MHC-1-Hc), preventing its surface presentation, and subsequently targets the heavy chains for proteasomal degradation (29).These results suggest that the interaction of p12
I with MHC-1-Hc may interfere with antigen presentation in vivo and facilitate escape of HTLV-1-infected cells from immune recognition. p12 I , which is found in the serum of ATL patients, appears to be important for viral infectivity since it modulates key pathways involved in T-cell activation. This is fundamental in HTLV-1 infection since, unlike HIV which can infect quiescent cells, successful HTLV-1 infection and subsequent transformation by Tax requires Tcell activation. , whose translation is initiated at the internal methionine codon within the p27 I ORF. This study proved that both singly and doublyspliced ORF I lead to the production p12 I (30). On the other hand, using an in vitro transcription and translation system, p27
3
I could be produced from the doubly-spliced mRNA (31). In addition, cytotoxic T-cells (CTLs), reactive against peptides representing p27 I , were shown to be produced during the course of natural infection in HTLV-1-infected individuals along with CTLs reactive to the other three accessory proteins (10). Although analysis of p27 I indicated that this protein was highly hydrophobic, not much information is known about its function in vivo. II function; however, it was reported that this protein is associated with mitochondria and that it alters its morphology by disrupting the mitochondrial inner membrane potential, suggesting a potential role of this protein in apoptosis (34). A yeast twohybrid system study showed that p13 II interacts with two novel cellular proteins C44 and C245 (35). Similarity searches using PSI-Blast indicated that C44 shares sequence similarities with the archeal adenylate kinase. In addition, C44 was found to be expressed in Jurkat T-cells as well as in proliferating, but not resting, PBMC. C254 is a protein that shows 69% identity and 83% similarity to the C-terminus of human nonmuscle filamin (actin-binding protein; 280). The relevance of this finding is not known yet, neither is the significance of p13 II mitochondrial localization and disruption of mitochondrial membrane potential. However, several recent findings highlighted the similarity between p13 II and G4, an oncoprotein encoded by the bovine leukemia virus (BLV) (36, 37). Specifically, both G4 and p13 II localize to the mitochondria (37) and interact with farnesyl pyrophosphate synthetase (FPPS) (36). FPPS is involved in the mevalonate/squalene pathway and in synthesis of farnesyl pyrophosphate, a substrate required for prenylation of Ras. Furthermore, a G4 mutant that is unable to bind to FPPS is also unable to transform primary rat embryo fibroblasts (36). The analogy between G4 and p13 II suggests a potential role of p13 II in oncogenesis, possibly through binding to FPPS; however, no direct evidence has been found.
pX-ORF

TAX AND TRANSFORMATION
The transforming ability of HTLV-1 is thought to be mainly due to the viral protein, Tax. Tax has been shown to induce tumors and leukemias in transgenic mice and has the ability to immortalize T-cells (38, 39) . In addition, Tax has been shown to eliminate T-cell dependence on IL-2 (40). For a review of the influence of Tax on the IL-2 signaling pathway readers are referred to Hollsberg (41) , which comprehensively covers this topic. Tax acts mainly through protein-protein interactions, binding to transcription factors and co-activators to modulate transcription, cell cycle regulators to deregulate cell growth, DNA damage response proteins to decrease genomic stability, and apoptotic proteins to alter the apoptotic response. These alterations by Tax will be discussed in detail below.
Tax transcriptional regulation
Tax has the ability to transactivate the HTLV-1 viral LTR through three 21 bp repeat sequences called Tax responsive elements (TREs) that are found in the U3 region of the LTR (42, 43) . TREs have an imperfect central cyclic AMP response element (CRE) motif that is flanked by GC rich regions. Although Tax cannot interact directly with this response element, it binds to other DNA binding proteins to mediate this interaction. In addition, Tax modulates cellular transcription through binding to various transcription factors including, CREB/ATF, NF-kappaB, and serum response factor (SRF) (44) .
CREB/ATF transcription factors and coactivators
Of particular importance for transactivation of the LTR are the cAMP response element binding protein (CREB)/activating transcription factor (ATF) family of transcription factors that bind to both Tax and the LTR (44, 45) . Members of the CREB/ATF family are basic-leucine zipper (bZIP) proteins, whose C-terminal domains are required for DNA binding and protein dimerization. The CREB subgroup of the ATF/CREB family includes CREB, CREM, and ATF-1 (46) . Because all three have the ability to stimulate viral transcription in the presence of Tax (47) (48) (49) (50) , for simplicity in the remainder of this review these proteins will be referred to collectively as CREB. Tax increases CREB binding to the TREs by stabilizing LTR bound complexes through direct contact with nucleotides flanking the CRE-like motifs (51) (52) (53) (54) and by promoting dimerization of the bZIP domain of CREB (55) . Tax binding to CREB is mediated through the bZIP domain of CREB and the amino terminus of Tax (56) . In addition, Tax is found in a ternary complex containing CREB and CREB binding protein (CBP)/p300 (56) .
CBP and p300 are distinct proteins, but have significant sequence identify as well as similar functions. They both contain histone acetyltransferase (HAT) activity and function as co-activators for multiple transcription factors. CREB binding to CBP/p300 is normally mediated through the phosphorylation of its KID domain (57, 58) , but in the presence of Tax, CBP/p300 can bind to unphosphorylated CREB (59) . Therefore, Tax forms a molecular bridge allowing the formation of a quaternary complex containing the viral CRE, CREB, CBP/p300 and Tax. The recruitment of CBP/p300 and formation of this quaternary complex enhances the transactivation of the LTR (44, 60) . Both the KIX and C/H1 domains of CBP/p300 are involved in Tax binding and co-activation (59, (61) (62) (63) (64) . More recently, the carboxy terminal region 2 [(CR2) aa 1894-2212] of CBP/p300 has also been shown to bind to Tax and mediate transcriptional activation (65) .
While CBP and p300 are important for viral gene expression, it appears that they are not sufficient for transactivation. This is based on data indicating that the Tax M47 mutant, which retains the ability to interact with both CBP/p300 and CREB, is defective in transactivation of the LTR (66, 67) . In addition, immortalization of HTLV-1 infected cells is independent of Tax binding to CBP/p300 (68) . These data indicate that there are other factors that are necessary for transactivation. An additional HAT, p300/CBP associated factor (P/CAF), is a strong candidate based on the following: Tax interacts with P/CAF in vitro and in vivo, P/CAF enhances Tax transactivation of the viral LTR, and the TaxM47 mutant is deficient for P/CAF binding (66, 69) . P/CAF and CBP/p300 can form a multi-HAT/activator-enhancer complex (70) (71) (72) . Interestingly, activation of the viral LTR by P/CAF is independent of its HAT activity (69, 73) , while CBP/p300 function is HAT dependent (64) . It is possible that both P/CAF and CBP/p300 are necessary for transactivation in vivo, but further studies are needed to determine exactly what function P/CAF plays at the promoter.
A second subgroup of the CREB/ATF family of transcription factors, termed ATF-4 (46), has also been implicated in Tax mediated transactivation (74) (75) (76) (77) . Tax binds to the C-terminus of ATF-4 and although ATF-4 is acetylated both in vitro and in vivo, transactivation of the LTR is independent of acetylation (75, 76) . ATF-4, rather than binding to other members of the CREB/ATF family, preferentially heterodimerizes with members of the activator protein-1 (AP-1) family and C/EBP family of proteins (46) . Interestingly, AP-1 family members also bind to the HTLV-1 LTR (78) and enhance viral transcription (79) . However, Tax transactivation of the LTR was not affected in cells that are deficient in AP-1 activity (79) , indicating that these transcription factors may not be important for LTR activation in vivo. Various AP-1 family members including c-Fos, JunD, c-Jun, and Fra-1 were also upregulated by Tax (80) , and transgenic mice that express Tax over-expressed both c-Jun and c-Fos (81) . Not only are AP-1 levels increased in response to Tax, but its activity was also affected. Tax has also been implicated in the induction of genes such as IL-8, which contains AP-1 binding sites (82, 83) . Furthermore, the addition of Tax in EMSAs induced DNA binding of AP-1 proteins, providing a possible mechanism of Tax induction of AP-1 responsive genes (84) . It should be noted that ATL patient cells that express little or no Tax also exhibited constitutive AP-1 DNA binding activity (85) . Collectively, these studies suggest that, while ATF-4/AP-1 heterodimers are capable of activating viral transcription, the more relevant contribution in vivo appears to be activation of AP-1 responsive genes.
Tax recruits numerous additional proteins to the LTR including TFIIA (86, 87) , TFIID via TATA binding protein (TBP) (88) , and TAF128 (89) . These proteins are co-factors for transcription and are therefore potentially important for transactivation of viral genes. In addition, poly (ADP-Ribose) polymerase (PARP) is a co-activator of viral gene expression as demonstrated by its ability to bind to the TREs and induce Tax activation of the LTR (90, 91) . Another protein, SR-related protein TAXREB803/SRL300, binds to Tax and aids in transactivating the LTR (92) . Interestingly, the use of TAXREB803 siRNA significantly Tax can also repress multiple cellular genes including cyclin A, Lck, c-Myb, and beta-polymerase (93) (94) (95) (96) (97) . Although the mechanism of repression is not entirely clear, it is known that Tax competes with transcription factors, such as p53 and c-Jun, for CBP/p300 binding (98, 99) . This competition involves the binding of the KIX domain of CBP/p300 and results in the sequestration of CBP/p300 by Tax. A recent study indicated that the CR2 domain (SRC-1 interaction domain) of CBP/p300 is also important in Tax binding, providing an additional family of transcription factors (SRC family) that Tax could compete with for CBP/p300 binding (65) . Conversely, c-Myb repression has been shown to be independent of the interaction of Tax with CBP/p300 (96) . This suggests that other factors are involved in Tax mediated repression. One possibility comes from a recent study demonstrating that the histone deacetylase, HDAC1, interacts with Tax (100). This interaction, involving the catalytic domain of HDAC1 and aa 29-97 of Tax, resulted in the repression of Tax transactivation of the viral LTR. It was suggested that HDAC1 and CBP compete for binding to Tax as increasing amounts of HDAC1 inhibited CBP/Tax binding. Furthermore, HDAC-1, 2, and 3 are found at the HTLV-1 promoter in vivo and inhibition of these deacetylases resulted in enhanced acetylation of histone H4 and increased viral RNA production (101) . Therefore, this interaction may also have implications for the repression of cellular genes by Tax.
Transactivation in the context of chromatin structure
The HTLV-1 genome is integrated into the host genome, thus chromatin structure must be taken into account when studying transcriptional activation of the viral LTR. A proposed model of transcription occurring at the viral LTR in the context of chromatin is shown in figure  2 , and is largely based on observations that are discussed below. Okada and Jeang made the importance of chromatin structure evident in a study where they compared the requirements for CREB, p300, and P/CAF in transiently transfected LTR plasmids versus integrated HTLV-1 virus (73) . This study illustrated that plasmid DNA, without a complete chromatin structure, has different requirements for transcription factors/co-factors than the fully chromatinized integrated DNA. Specifically, neither P/CAF nor p300 had any effect on the transient LTR plasmid, whereas the integrated LTR was activated by both cofactors. In addition, through the use of in vivo chromatin immunoprecipitation (ChIP) assays, researchers can now examine which proteins are present at particular promoters in the presence of chromatin. Importantly, Lemasson and colleagues used in vivo ChIP assays to demonstrate that CREB, CREB-2 (ATF-4), ATF-1, ATF-2, c-Fos, c-Jun, CBP/p300, TAFII250, and HDAC-1, 2, and 3 were all present at the HTLV-1 promoter region (101).
Chromatin structure is greatly affected by modifications of histone tails. In particular, the acetylation of lysine residues by histone acetyltransferases (HATs) allows the relaxation of chromatin structure and transcription factors/transcriptional machinery access to promoter sequences. CBP/p300 acetylates all four histones, H2A, H2B, H3 and H4, with H3 and H4 being the preferred substrates (102, 103) . Therefore, the recruitment of HATs such as CBP/p300 and P/CAF to the HTLV-1 LTR suggests that modifications to histone tails are an important step in transactivation. Lu et al., using a reconstituted chromatin template, demonstrated that CBP/p300 transactivation of the viral LTR was dependent on HAT activity and that acetylation by p300 resulted in the increased recruitment of TFIID and RNA polymerase II to the LTR (104) . Others assembled chromatin templates in vitro with recombinant core histones to explore how chromatin structure affects Tax, CREB, and CBP/p300 activation of the viral CREs (64, 105) . Interestingly, they found that CBP/p300 significantly stimulated Tax/CREB transactivation of the LTR in the presence of chromatin, but not in the presence of tailless chromatin or on naked DNA (64, 105) . This study also demonstrated that a p300 mutant with minimal acetyltransferase activity was deficient for transactivation of the LTR (105) . These results are intriguing in light of the fact that it is well documented that promoters around the initiation site are usually nucleosome free or contain modified nucleosomes (lack H2A and H2B), as observed in HIV-1, MMTV, and cellular promoters (106) (107) (108) (109) (110) . Furthermore, our lab has preliminary data indicating that acetylated histone tails are necessary for activated transcription, possibly through the recruitment of factors necessary for elongation such as the chromatin remodeler, SWI/SNF. Therefore, it remains to be seen whether acetylated histone tails play an important role in elongation rather than initiation. A follow-up to this study indicated that while p300 did not provide any additional stimulation of the LTR on tailless chromatin, blocking the interaction of Tax/p300 had a detrimental effect on activation (64) . Furthermore, the addition of Lys-CoA, an acetyltransferase inhibitor, resulted in inhibition of Tax transactivation on the tailless chromatin, indicating that acetylation of other substrates besides histones may play an important role in transcription. Collectively, these studies indicate that CBP/p300 are critical co-activators in vivo due to their ability to execute multiple tasks at the viral promoter.
In addition to HATs, ATP dependent chromatin remodeling complexes are important for transcription from chromatinized DNA in vivo. They function by altering nucleosome structure through movement/sliding of nucleosomes to allow cellular regulatory factors access to enable transcription (111) . Mammalian SWI-SNF complexes contain either of the two highly conserved ATPase subunits: BRG1 or BRM. The SWI/SNF complex is targeted to promoters via direct interactions with transcription activators and nucleosomes, and contributes to the remodeling of chromatin structure. Our lab has recently shown the importance of BRG1/hBRM, the human homologue of the chromatin remodeling complex SWI/SNF, in HTLV-1 gene expression (112) . Tax was found complexed with BRG1 and the addition of increasing amounts of BRG1 resulted in greater transactivation of the viral LTR as compared to transactivation in the presence of Tax alone. In addition, co-expression of both BRG1 and Tax resulted in acetylation of histone H4 on the HTLV-1 promoter. Furthermore, upon treatment with BRG1 siRNA, HTLV-1 viral release and transcription were decreased. These results demonstrate an important role of chromatin remodelers in viral transactivation as well as replication.
NF-kappaB
The NF-kappaB family of transcription factors consists of RelA (p65), RelB, c-Rel, p50/p105 (NFkappaB1), and p52/p100 (NF-kappaB2). These proteins contain an N-terminal DNA-binding/dimerization/nuclear targeting domain called the Rel homology domain (113) . NF-kappaB proteins function as either homodimers or heterodimers, with the most common combination being p50-RelA, which is referred to as NF-kappaB. NF-kappaB proteins can also be subdivided into two classes. The first class (p105 and p100) must be cleaved to form the active form of DNA binding proteins, p50 and p52, respectively. The second class (c-Rel, RelB, and RelA) contains Cterminal activation domains that are not cleaved (113) . NFkappaB proteins are normally sequestered in the cytoplasm by interactions with the IkappaB proteins, IkappaB-alpha, IkappaB-beta, and IkappaB-epsilon. Phosphorylation of IkappaB on Ser 32 and 36 by IkappaB kinases (IKK) results in the ubiquitination and subsequent proteosomal degradation of IkappaB (114). NF-kappaB is then free to enter the nucleus and stimulate transcription of NF-kappaB responsive genes.
Tax expression leads to persistent NF-kappaB activity (115) . Constitutive NF-kappaB activity is also observed in ATL patients, independent of Tax (116), indicating that NF-kappaB activity is important at both early and late stages of tumorigenesis. Tax can activate NFkappaB mediated transcription (117) and is present in distinct nuclear structures that contain both p50 and RelA (118) . Furthermore, many NF-kappaB inducible genes, such as IL-2Ralpha (119), Bcl-xl (120), and IL-15 (121) , are upregulated by Tax. Due to the ability of NF-kappaB to bind to CBP/p300 (122) (123) (124) , it is possible that Tax activates NF-kappaB transcription in a manner similar to that observed with CREB. Although the mechanism in which Tax maintains constitutive NF-kappaB activity is not entirely clear, most research has demonstrated alterations in cytoplasmic events leading to the release of NF-kappaB.
Tax has the ability to bind to multiple members of the NF-kappaB protein family, including p50/p105 (125), p65/RelA (117), c-Rel (117) , and p52/p100 (126, 127). In addition, Tax binds to IkappaB-alpha (128, 129). Therefore, it was originally thought that the interactions of these proteins resulted in the disruption of the inactive cytoplasmic complex, allowing NF-kappaB to translocate to the nucleus. Subsequently, it was demonstrated that Tax binds to the proteasome subunits HsN3 and HC9 through its N terminus, resulting in increased chymotryptic and tryptic activity (130-132). IkappaB-alpha proteins are normally targeted for proteasomal degradation following phosphorylation by IKK. Based on the interaction of Tax with both the proteasome and IkappaB-alpha, it was proposed that Tax acts as a viral chaperone or molecular bridge for IkappaB-alpha degradation (133). In addition, Rousset et al. observed Tax, p105 and HC9 in a ternary complex in vivo, which resulted in increased p105 proteolytic processing (132). Therefore, the constitutive activation of NF-kappaB appears to be due to the targeting of NF-kappaB signaling proteins to the proteasome via the direct interaction with Tax. One study indicated that Tax was unable to activate NF-kappaB in cells that have a catalytically inactive form of IKK (134), suggesting that there are additional Tax mediated events necessary for persistent NF-kappaB activity.
An additional Tax mediated event involves modulation of IKK activity, resulting in increased IkappaB proteasomal degradation and NF-kappaB release. One of the first observations leading to this model was that Tax expression resulted in increased phosphorylation of IkappaB-alpha (135). In addition, Tax interacted with the catalytic subunits, IKKalpha and IKKbeta of the IKK complex, stimulating its catalytic activity (135-138). The activation of IKK induced through most cytokines was transient; in contrast, Tax activation of IKK was persistent (138). Furthermore, Tax interacted with IKKgamma (NEMO), a non-catalytic regulatory component of IKK (139-141). This interaction was mediated through two leucine zippers in IKKgamma and a leucine rich region in Tax (142). It has been proposed that the Tax/IKKgamma association serves as a molecular linker, which promotes the interaction of Tax with IKKalpha and IKKbeta (143). In addition, Tax physically recruited IKKalpha to another member of the NF-kappaB family, p100, resulting in the proteolytic processing of p100 to p52 (144). Importantly, Jurkat cells with mutated IKKgamma, are deficient for NFkappaB activity (145), demonstrating the significance of IKK in NF-kappaB signaling.
Although the association of Tax with IKK complexes is a promising model to explain the constitutive NF-kappaB activity observed in HTLV-1 infected cells, studies continue to elucidate additional steps within the NFkappaB signaling pathway that Tax effects. For example, recent studies have indicated that Tax expression resulted in phosphorylation of both IKKbeta and IKKgamma, which was necessary for the deregulated IKK activity induced by Tax (146). In addition, IKKbeta was shown to be the kinase responsible for IKKgamma phosphorylation (147, 148). Conversely, another study has implicated MEKK-1, a member of the MAPK kinase kinase family, in the phosphorylation of IKKbeta (136). This observation is based on the ability of MEKK-1 to bind to Tax as well as dominant negative mutants of both IKKbeta and MEKK-1 resulting in a deficient NFkappaB signaling pathway (136). Therefore, while Tax can interact at multiple steps in the NF-kappaB signaling pathway, ultimately leading to constitutive NF-kappaB activity, the precise mechanism is still under investigation.
Cell growth deregulation
A key feature of the tumorigenic process is the abrogation of checkpoint controls. Tax alters cell growth through a variety of mechanisms. As discussed above (see Tax transcriptional regulation), Tax is a potent co-activator of transcription that has the ability to transactivate as well as repress a wide array of cellular genes. Among the genes that Tax induces are the immediate early serum responsive genes c-Fos, c-Jun, Egr-1, and Egr-2, suggesting that Tax can replace growth signals (80) . In general, Tax tends to transactivate genes that are involved in promoting cellular growth, while repressing genes that inhibit cellular growth. In addition, Tax interacts with many proteins that are involved in the G 1 /S transition and TGF-beta signaling pathway. Key deregulated processes that contribute to aberrant cellular growth are discussed below.
G 1 /S cell cycle transition
Although proliferation is tightly regulated in Tcells, HTLV-1 infected cells have found a way to overcome this tight regulation. In particular, the G 1 /S transition is highly altered in infected cells. One mechanism employed in a variety of cancers, including retinoblastomas, breast cancer, pancreatic cancer, and bladder cancer (149, 150) to bypass this restriction point, is the deregulation of the cyclin D-cdk4/p16/Rb/E2F pathway. The phosphorylation of Rb by G 1 cyclin/cdk complexes is an important regulatory event in the transition from G 1 to the S phase of the cell cycle. Rb phosphorylation allows the release of Rb bound proteins most notably, the E2F transcription factor family, which activate S phase specific genes, such as cyclin A (151, 152) . Conversely, the cdk inhibitor p16/INK4A functions to slow excessive cell growth through binding and inhibiting cdk4 and cdk6. p16/INK4A has been shown to be mutated in up to 68% of acute and up to 25% of chronic ATL patients (153) . In addition, p16/INK4A can be silenced through methylation of its promoter (154) . While Tax has not been shown to be directly involved with these genetic and epigenetic p16/INK4A-silencing events, it does inactivate p16/INK4A through other mechanisms. Tax can directly bind to p16/INK4A, resulting in the sequestration of p16/INK4A from cyclin D/cdk4, 6 complexes (155-157). However, direct binding of Tax to p16/INK4A can not fully explain the increased cdk4 kinase activity observed in HTLV-1 infected cells, as cdk4 kinase activity was also observed in p16/INK4A null cells (158) and Tax also increased E2F dependent transcription in p16/INK4A negative T-cells (159) . Rather, these results can be explained by the ability of Tax to directly bind to cyclin D3, cyclin D2, and cdk4, thereby increasing cyclin D/cdk4 associated kinase activity (158, 160, 161) . While cyclin D2 is found only in complex with cdk6 in uninfected T-cells, it can also be found with cdk4 and cdk2 in HTLV-1 Tax expressing cells (162) . This is an interesting observation considering that cdk2 kinase activity is normally associated with cyclin E or cyclin A complexes. It is possible that the high levels of cyclin D2, which are due to Tax transactivation of the cyclin D2 promoter (162) (163) (164) , allow for the formation of these additional complexes. This new association may increase phosphorylation on those substrates targeted by cdk2. Consistent with these findings, cdk2 associated kinase activity is observed earlier in HTLV-1 infected cells (162, 165) , along with an accelerated G 1 to S phase transition (165, 166) . On the other hand, the cyclin A promoter, which is E2F responsive, is repressed by Tax (97). This repression of cyclin A may be useful to extend the S phase, allowing the replication of the viral genome, although this mechanism has not been experimentally verified.
In addition to the alteration of p16/INK4A, other cdk inhibitors (CDKIs) are differentially regulated by Tax. CDKIs generally act as negative regulators of the cell cycle by binding to cdks and inhibiting their phosphorylation activities. There are two families of CDKIs, the INK4 family and the CIP/KIP family. The INK4 family, consisting of p16/INK4A, p15/INK4B, p18/INK4C and p19/INK4D, specifically inhibit cdk4 and cdk6 (167) (168) (169) (170) . Conversely, the CIP/KIP family, consisting of p21/waf1, p27/Kip1, and p57/Kip2, regulate all cyclin D, E and A associated kinases (171) (172) (173) (174) . Tax transcriptionally represses the p18/INK4C promoter through an E-box (176) . They also demonstrated a decrease of p19/INK4D mRNA and protein levels after induction of Tax expression. Although Tax expression has not been shown to affect p27/Kip1 RNA levels, protein levels were generally lower in the presence of Tax (176, 177) , which corresponded to constitutive activation of cyclin E/cdk2 activity in HTLV-1 Tax expressing cells.
Another important result of Tax expression is an increase in p21/waf1 protein levels (176, (178) (179) (180) (181) . This increase in p21/waf1 expression is due to Tax transactivating the p21/waf1 promoter independently of p53 through helix-loop helix E2A sites close to the TATA box (179) . The over-expression of a cdk inhibitor, such as p21/waf1, may appear to be contradictory in terms of cell growth, but it has been shown that p21/waf1 can aid the assembly of cyclin D/cdk4, 6 complexes (182) (183) (184) (185) (186) . This is also the case in HTLV-1 infected cells, where p21/waf1 was found in kinase active cyclin D2/cdk4 containing complexes (187) . In agreement with other reports (165, 177) , our lab has observed increased cdk2 kinase activity in HTLV-1 infected cells, which could be in part due to the sequestration of p21/waf1 by cyclin D2/cdk4 (162, 187) .
The multiple alterations of cyclin/cdk activity by Tax are depicted in figure 3A . The expected consequences of this deregulation would be a growth advantage to infected cells due to increased hyperphosphorylation of Rb. Indeed, Tax expression ultimately results in increased Rb phosphorylation (158, 176) , increased E2F transcription and protein levels (158, 176) , and increased E2F mediated transcription (159) . Our lab has recently observed a decrease in Rb protein levels. The diminished Rb levels are due to the direct interaction of Tax with both Rb and the proteasome, resulting in the targeting of hypophosphorylated Rb to the proteasome for degradation (unpublished results) as shown in figure 3B . Similar mechanisms have been observed for other oncogenic viruses, such as the human papilloma virus (188) , and provide another significant way to overcome Rb mediated growth suppression.
Finally, it appears that in HTLV-1 infected cells cyclin E has important roles beyond its traditional role of phosphorylating Rb. It associates with both p300 and RNA Pol II and phosphorylates the carboxy terminal domain of RNA Pol II (189) . Furthermore, the use of the chemical cdk inhibitor, Purvalanol A, inhibited activated, but not basal HTLV-1 transcription (189) . These results indicate that cdk inhibitors can be used for the treatment of ATL. Recent data provided by cyclin E and cdk2 knockout mouse models indicated that neither cdk2 nor cyclin E was essential for cell survival as originally thought (190, 191) . This evidence further supports the notion that chemical cdk inhibitors are promising options for ATL treatment based on their ability to specifically target the infected cells that rely heavily on cdks for both cell cycle progression as well as viral transcription.
Transforming growth factor beta
An important mediator of the G 1 /S checkpoint is the cytokine transforming growth factor (TGF) beta. There are three isoforms of TGF-beta, TGF-beta-1, -2, and -3, which are encoded by separate genes on distinct chromosomes (192) . TGF-beta controls cell growth, differentiation, and apoptosis, and is particularly important for cells within the hematopoietic lineages. Important downstream targets of TGF-beta are the SMAD proteins. In response to TGF-beta, SMAD2 and SMAD3 relocate to the nucleus where they can either bind directly to DNA or cooperate with other transcription factors to alter the expression of various genes. Other pathways, such as the MAPK and JNK signaling pathways, can also be altered by TGF-beta signaling. TGF-beta induces G 1 arrest through the repression of cdk transcription and activity (193, 194) and enhanced transcription of CDKIs such as p15/INK4B, p21/waf1, and p27/Kip1 (195) (196) (197) (198) . Importantly, HTLV-1 infected cells become resistant to TGF-beta1 induced growth inhibition (199) . This effect appears to be mediated by Tax as Tax can inhibit downstream mediators of the TGF-beta signaling pathway. Tax competes with SMAD proteins for the co-activator CBP/p300 (200, 201) . In addition, Tax binds directly to SMAD2, SMAD3, and SMAD4, preventing them from binding to their target genes (200) . Tax can also induce JNK activity and c-Jun phosphorylation, resulting in SMAD3/c-Jun complexes (202) . SMAD3/c-Jun complexes abrogate the ability of SMAD3 to bind to DNA providing another mechanism in which Tax can disrupt TGF-beta induced cell growth arrest. Conversely, Tax can transactivate the TGF-beta1 gene with corresponding high levels of TGF-beta1 mRNA observed in fresh leukemic cells from ATL patients (203) . In addition, Tax transgenic mice display high amounts of TGF-beta1 mRNA and protein (204) . It has been suggested that the TGF-beta1 produced in HTLV-1 infected cells has the ability to act on normal neighboring cells, resulting in the impairment of cytolytic T cell activity, enhanced angiogenesis, and stimulated matrix protein production (205) . Therefore, the combination of promoting high levels of TGF-beta1 secretion and inhibiting TGF-beta induced cell signaling leads to a favorable environment for oncogenesis in HTLV-1 infected cells.
p53
The transcription factor p53 induces cell cycle arrest and/or apoptosis in response to DNA damage signals through the activation of cell cycle control proteins. The high mutation rate of this tumor suppressor protein in human cancers reflects its critical role in maintaining cellular stability as well as protecting genomic stability (discussed below). About 30% of ATL patients have mutations in the p53 gene (206) . Surprisingly, in the remainder of HTLV-1 infected cells, p53 protein levels are often increased, with a corresponding increase in protein half-life, although mRNA levels are unchanged (207, 208 ). p53 appears to be functionally inactivated as it is unable to respond appropriately to DNA damaging agents such as UV and gamma irradiation (178, 209) . While Tax does not directly bind to p53 (208, 210) , nor interfere with its DNA binding ability (209, 211) , it does inhibit p53 dependent transcription (209, (211) (212) (213) (214) . Tax has also been shown to inhibit the p53-related proteins, p73alpha, p73beta, and p51 (61, 215). In addition, Tax has the ability to block p53 induced G 1 arrest and p53 induced apoptosis (211) .
Numerous studies have investigated the mechanism by which Tax functionally inactivates p53, but this issue still remains controversial. Inactivation appears to be through the N-terminal activation domain of p53 (amino acids 1 to 52) (209, 210) and phosphorylation of p53 has been proposed to be a contributing factor. Pise-Masison et al. found that phosphorylation of p53 on Ser15 was important for inactivation of p53, possibly due to a block in the interaction of p53 with the basal transcription factor, TFIID (213) . In addition, it was suggested that DNA protein kinase (PK) was the kinase responsible for p53 phosphorylation (213) . However, a later report by Ariumi et al. was not able to confirm the importance of Ser15 phosphorylation in Tax mediated inactivation of p53 (210) . Furthermore, through the use of both DNA PK-/-and ATM-/-cell lines, it was demonstrated that ATM rather than DNA PK was important for Tax mediated p53 inactivation (214) . This report, however, does not directly implicate ATM phosphorylation as the mechanism of p53 inhibition. Thus, there may be other Tax and ATM dependent, but phosphorylation independent, mechanisms that can account for the observed p53 inhibition.
Another point of interest is whether the inactivation of p53 is dependent on the activity of Tax through NF-kappaB or CREB/CREB binding protein (CBP) pathways. Several labs have demonstrated that Tax binding to CBP/p300 results in reduced p53 transcriptional activity (98, 210, 214, 216) . p53 dependent transcription utilizes the co-activators CBP/p300 (217); therefore, Tax could indirectly inhibit p53 function by competing for the co-activators, CBP/p300. A similar competition for CBP binding has been reported in the inhibition of p73beta (61). A number of investigators demonstrated that the CREB/ATF motif of Tax was necessary for p53 inactivation (210, 211, 214) , while another study indicated that the NF-kappaB pathway was important for p53 inhibition (218) . Later work indicated that the observed differences were cell type specific (219) . In this report, p53 phosphorylation and the NF-kappaB pathway were important in lymphoid cells such as Jurkat cells, while in non-lymphoid cells, where p300 is limiting, Tax induced p53 inactivation was CREB/ATF dependent, but independent of p53 phosphorylation. Conversely, Van et al. , using both lymphoid cell lines (Jurkat) as well as nonlymphoid cells (HeLa and Saos-2), demonstrated the dependence on the CREB/ATF pathway, but not the NFkappaB pathway for inhibition of p53 (214) . Furthermore, it was shown that CBP/p300 was necessary, but not sufficient, for Tax mediated inhibition of p53 (214) , suggesting that there are additional mechanisms that are important in this process. Future studies are needed to uncover these additional factors that contribute to p53 inactivation. Finally, a recent report by Chowdhury et al. demonstrated that the Tax binding protein, TRX, is targeted by p53 for proteasomal degradation (220) . Interestingly, Tax can inhibit this transcriptional independent function of p53 as well. This study suggests that Tax induced modifications of p53 may contribute to the inhibition of many p53-associated activities.
p53 is intimately involved with many cellular pathways. As the "guardian of the genome", p53 plays a significant role in maintaining genomic integrity through the promotion of cell cycle arrest and/or apoptosis when there is DNA damage. Therefore, the inactivation of p53 in HTLV-1 infected cells not only contributes to the deregulation of cell growth, but also contributes to alteration of apoptotic pathways and genomic instability. The alterations of these cellular events by Tax are discussed below.
Genomic stability
Genetic alterations that affect critical cellular machineries are thought to contribute to the transformation of cells. Thus, the stability of the human genome is a critical factor in tumorigenesis. In viral infections, the integration of a provirus can often cause such genetic alterations (221) . In the case of HTLV-1, the integration of the provirus occurs randomly (222); therefore, there appears to be no insertional mutagenic components that contribute to the development of ATL. Conversely, genomic instability is still observed in infected cells. ATL cells have a variety of chromosomal abnormalities including duplications, deletions, translocations, rearrangements, and aneuploidy (223) . Deregulation of the G 1 /S checkpoint and inactivation of p53 by Tax contributes to genomic instability by allowing cells to replicate in the presence of DNA damage. Indeed, it has been shown that Tax expression results in an increased mutation frequency (224) . Tax can also affect genomic stability through two additional mechanisms, alteration of the DNA repair process and deregulation of mitotic checkpoint proteins.
DNA repair processes
One of the first indications that Tax could directly affect genomic instability was the finding that Tax represses the DNA polymerase beta promoter (225) . DNA polymerase beta is an important enzyme in the DNA damage repair process of base excision repair (BER). BER involves the removal of DNA lesions resulting from exposure to UV or chemicals such as oxidizing and alkylating agents, and subsequent synthesis of DNA to fill the gaps, followed by ligation. Accordingly, Tax expressing cells have a decreased ability to repair DNA damage induced by UV light, quercetin, or hydrogen peroxide, indicating that infected cells have a defect in the BER pathway (226) . Recently, Lemoine and Marriott (227) utilized a PALA assay, which measures the ability of cells to amplify the CAD gene, to determine the effect of Tax on genomic amplification. Cloned rat embryo fibroblast (CREF) cells that stably expressed Tax displayed five times more amplification of the CAD gene as compared to control cells, indicating that Tax expression increased genomic instability (227) .
Tax can also affect other proteins involved in the DNA repair process. For instance, Tax transactivates the proliferation cell nuclear antigen (PCNA) promoter (228, 229) . PCNA is important for the activity of DNA polymerase epsilon and delta and replication factor C (230) . DNA polymerase epsilon and delta are involved in nucleotide excision repair (NER) and BER (230) . Interestingly, Tax can also inhibit NER, which corresponds to increased PCNA expression (227, 228) . Moreover, Tax binds to and inhibits the catalytic activity of DNA topoisomerase I (231) . The inhibition of DNA relaxation could alter the ability of enzymes to repair damaged DNA sequences, further contributing to genomic instability.
A recent report by Gabet et al. demonstrated for the first time the ability of Tax to repress the hTERT promoter through an E-box downstream of the hTERT initiation site (232). hTERT is an essential component of the telomerase complex (233) and in the presence of Tax there was an observed decrease in telomerase activity (232). Interestingly, Tax expression also resulted in unprotected DNA ends, rather than telomere-capped ends (234) , suggesting a role for Tax in inhibiting a DNA-endstabilizing mechanism. Therefore, the ability of Tax to inhibit telomerase activity and telomere capping, alter DNA damage checkpoints, and alter DNA damage repair enzymes and processes, significantly contributes to the observed genomic alterations in HTLV-1 infected cells.
Mitotic checkpoints
The mitotic spindle checkpoint is important for preventing the onset of anaphase in the absence of proper chromosomal alignment at the bipolar spindles. Studies in budding yeast have demonstrated the importance of the mitotic arrest defective (MAD) proteins 1 and 2 in the spindle checkpoint (235) . Importantly, Tax binds to MAD1 and interferes with the ability of MAD1 to initiate this cell cycle checkpoint (236) . This interference is possibly due to the binding of Tax to the domain necessary for MAD1 homodimerization (236) . In addition, Tax expression reduces the stability of MAD1. In agreement with these findings, treatment of HTLV-1 infected cells with microtubule inhibitors did not result in cell cycle arrest at mitosis, suggesting that infected cells were defective in the mitotic spindle assembly checkpoint (237) . Upon closer examination, it was observed that both MAD1 and MAD2 were inappropriately localized in the cytoplasm in infected cells (237) . The importance of this study lies in the implication that microtubule inhibitors should not be used alone as a standard chemotheraputic treatment for ATL.
There is recent literature to suggest that Tax expression also alters other aspects of the G 2 and M phases. Entry into mitosis is regulated by the activation of cyclin B/cdk1 complexes, whereas exit from mitosis is regulated through the degradation of cyclin B and other important regulators, such as securin (238) . Both cyclin B and cdk1 are up-regulated in HTLV-1 infected cells and Cdc25C, which is a tyrosine phosphatase that activates cdk1 through dephosphorylation, is transactivated by Tax (239) . While these alterations indicate a faster progression into the G 2 phase, this has not been experimentally verified. Conversely, naïve cells transduced with a retroviral vector encoding Tax accumulated at the G 2 /M phase, suggesting either a G 2 /M cell cycle block or a block in the exit from mitosis (166) . Nuclear abnormalities, such as multinucleated giant cells and cells with decondensed DNA, were observed (166) . Interestingly, in transformed cell lines expressing Tax, such cell cycle alterations were not observed. Furthermore, Tax can induce both cyclin B1/Clb2p and securin/Pds1p degradation through the activation of the anaphase-promoting complex (APC) (240) . The APC is an E3 ubiquitin ligase that mediates the degradation of mitotic cyclins and anaphase inhibitors to allow the onset of anaphase (238) . In addition, the alteration of these cell cycle proteins were observed in MAD1 null cells (240) . Therefore, it appears that Tax has evolved two independent mechanisms to alter mitotic processes; through the alteration of the MAD dependent pathways and through the untimely degradation of cyclin B1 and securin.
Alteration of mitotic processes and inhibition of DNA repair mechanisms undoubtedly contributes to the observed chromosomal abnormalities in HTLV-1 infected cells. In normal uninfected cells, the occurrence of DNA damage initiates a cascade of events leading to apoptosis. Importantly, in HTLV-1 infected cells, Tax can also alter the apoptotic pathway, thus allowing mutations to persist within the genome, as discussed below.
Apoptosis
T lymphocytes may undergo apoptosis via two separate mechanisms: (i) withdrawal of growth factors and (ii) activation-induced cell death (AICD). The first mechanism is antigen-independent and can be inhibited by anti-apoptotic proteins such as Bcl-x L and Bcl-2. Meanwhile, AICD is antigen-dependent and is mediated by CD95 (Fas) or tumor necrosis factor-alpha (TNF-alpha) signaling. This pathway links caspase-8 to death receptors expressed at the cell surface, including Fas, TNFR-1, and Death Receptor 3 (DR3). When caspase-8 is activated, it can cleave and activate an overlapping set of effector caspases resulting in protease activity within the cell (241). Furthermore, this pathway is only partially inhibited by Bcl-x L or Bcl-2 (41, 242). The Bcl-2 family is comprised of two groups: death antagonists, which include Bcl-2, Bclx L , and BAG-1; and death agonists, which include Bax, Bak, and BAD (243) . Cells from ATL patients are characterized by extensive T-cell proliferation, and it is possible that disruption of normal apoptotic events in HTLV-1 infected cells could explain tumorigenesis. It is still unclear, however, as to whether Tax expression induces or suppresses apoptosis in HTLV-1 infected cells, as there has been substantial evidence to suggest both events are possible.
Pro-Apoptotic Effects of Tax
Several studies suggest that the viral protein Tax can induce apoptosis in HTLV-1 infected cells. For example, it has been documented that FasL-mediated apoptosis was observed in cells which had been subjected to hormone induced activation of Tax fusion proteins and the CD3 complex (244) . Furthermore, Chen et al. demonstrated that induction of Tax was marked by upregulation of the FasL gene and interference of the Fas/FasL pathway inhibited apoptosis (245) . Importantly, it has been shown that the CD95/Fas-signaling pathway plays a substantial role in these Tax-activated apoptotic events, and that interleukin-1 beta-converting enzyme (ICE)-proteases, which are a family of Asp-directed cysteine proteases, mediate Tax-induced T-cell death (246) . Conversely, Rivera-Walsh et al. suggested the FasL pathway was not important for Tax-mediated apoptosis induction. Instead, it was demonstrated that Tax and T-cell mitogens caused NF-kappaB signaling to induce the TNFrelated apoptosis-inducing ligand (TRAIL) gene. TRAIL acts in a similar fashion as FasL (247) . Consistently, Tax up-regulated TRAIL/Apo-2L in gene expression profiling studies (181) .
The interaction of Tax with CREB binding protein (CBP)/p300 has also been implicated in apoptosis. Nicot et al. demonstrated that nuclear expression of the CBP/p300-binding domain of Tax induced caspase dependent apoptosis in HeLa cells (248) . Tax CBP/p300 binding mutants exhibited reduced ability to induce apoptosis, suggesting that this complex is important for the disruption of cell survival signals. Additionally, ectopic expression of the co-activator, p300, prevented Tax induced apoptosis in a dosage dependent manner. Furthermore, under cellular stress conditions, Tax NFkappaB binding mutants displayed a reduced ability to induce apoptosis. NF-kappaB utilizes the co-activators CBP/p300 to stimulate the transcription of various cellular factors (249) . Therefore, it is possible that the persistent activation of NF-kappaB by Tax (see NF-kappaB section above) could indirectly increase the demands for CBP/p300. If the demand for CBP/p300 is not meet, the cell may be unable to efficiently transcribe critical factors and thus apoptosis would be induced.
Oxidative stress, controlled by the thioredoxin (Trx) and glutathione (GSH) systems, has been shown to evoke intracellular events such as apoptosis. Two major pathways mediate these events. One involves death receptors and is exemplified by Fas-mediated caspase-8 activation. The other pathway is via the mitochondriamediated caspase-9 activation pathway. Both pathways result in caspase-3 activation and ultimately, nuclear degradation and cellular morphological change (250) . One study indicated that expression of Tax led to rapid changes in the intracellular levels of hydrogen peroxide and glutathione, which promoted an intracellular pro-oxidant state (251) . The changes in levels of hydrogen peroxide, along with concomitant activation of the NF-kappaB and CD3/TCR pathways exaggerated oxidative stress and caused DNA fragmentation in cells, a phenotype of apoptosis. Consistent with the data, anti-oxidants can block Tax-mediated damage (251, 252).
The above-described studies illustrate several possible mechanisms for Tax dependent-apoptosis. Importantly, NF-kappaB has been implicated in producing an intracellular environment that is favorable for apoptosis; however, it is important to note that NF-kappaB has also been shown to provide an anti-apoptotic environment as well.
Anti-Apoptotic Effects of Tax
There is a large body of evidence suggesting that Tax inhibits apoptosis in HTLV-1 infected cells.
Transactivation by Tax through NF-kappaB and CREB signaling is involved in the inhibition of Tax-mediated apoptosis (120, (253) (254) (255) (256) . NF-kappaB has been shown to produce anti-apoptotic gene products including Bcl-x L (120, 253, 256) . Importantly, both the NF-kappaB and CREB pathways are required for maximum activation of the human Bcl-x L promoter. Consequently, this results in increased resistance to apoptosis and is necessary for infected cells to advance to leukemia in vivo (120) . In another study, it was demonstrated that Tax transactivates Bcl-x L via the NF-kappaB pathway. In the mouse T cell line, CTLL-2, apoptosis was induced through the deprivation of IL-2. CTLL-2/Tax transfectants were resistant to apoptosis and this resistance was associated with Bcl-x L (253).
As it has been shown that Tax inhibits apoptosis through the NF-kappaB pathway, several studies demonstrated the contribution of NF-kappaB activity by inhibiting this pathway with an anti-inflammatory inhibitor, sodium salicylate and other NF-kappaB inhibitors (254, 255) . Sodium salicylate possesses the ability to block NFkappaB nuclear localization and bcl-xl expression (254) , which ultimately rendered resistant tumor cells sensitive to apoptosis, suggesting that Tax-mediated induction of NFkappaB activity contributes to tumorigenesis in vivo (254) . Furthermore, in the presence of NF-kappaB inhibitors, which inhibit nuclear translocation, caspase-induced apoptosis occurred (255) . These data show the inhibitory effects of Tax and suggest roles for it in the prevention of apoptosis.
p53 is an important regulator of cell cycle progression and can induce cell cycle arrest and/or apoptosis (257). According to Mulloy et al., Tax indirectly interferes with the transactivating function of p53 through the CREB/ATF domain (211) .
Additionally, Tax inactivation of p53 transcriptional activity correlated with a loss of p53-induced G 1 arrest and apoptosis (211) . Although p53 is inactive in HTLV-1 infected cells, p21/waf1 mRNA and protein levels are particularly high in HTLV-1 infected cells (178, 180) , which is a result of Tax transactivating the p21 promoter (179) . p21/waf1 is a mediator of p53 induced growth arrest (258). Interestingly, Kawata et al. demonstrated that elevated levels of p21/waf1, resulting from Tax expression, inhibited apoptosis through an unknown mechanism (259).
There have been other observations that implicate Tax in the inhibition of apoptosis. First, Tax inhibited apoptosis induced by anti-APO-1 treatment.
In experiments done by Copeland et al., monoclonal antibody anti-APO-1, which has been shown to induce apoptosis in human T cells, displayed a decreased ability to induce apoptosis in cells expressing Tax (260) . Additionally, Tax has also been shown to repress bax expression in vitro. The Bax protein typically accelerates apoptosis, and ultimately, the repression of Bax leads to a decrease in apoptosis (261) . On the other hand, Bcl-2 is an anti-apoptotic protein that tends to be up-regulated in HTLV-1 infections and may provide protection against virus-induced apoptosis (256, 262) . Finally, although there was not a direct implication for the involvement of Tax, gene expression profiling of HTLV-1 immortalized T-cells showed genes encoding apoptosis accelerators, such caspase-8, to be down regulated while genes encoding apoptosis-inhibitors, such as apoptosis inhibitor 1 (API1), were induced (239, 263).
In conclusion, the influence of Tax on the apoptotic pathways in HTLV-1 infected cells is still quite intriguing yet unclear. Some of the discrepancy may be explained by findings from de la Fuente et al. whose microarray analysis confirmed the opposing and paradoxical gene expressions of a host cell upon the introduction of DNA damage stress signal in Tax expressing cells. The resulting induction of pro-and antiapoptotic gene expressions were directly linked to whether cells were at the G 1 , S, or G 2 /M phases of the cell cycle. This study also provided a timeline for cell cycle stages in which treatment of the cells would be most efficient (264). Therefore, other HTLV-1 encoded proteins or proteins specific to a cell cycle phase may play a significant role in the apoptotic process.
Overall, these data do not implicate Tax as directly inducing or inhibiting apoptosis. Rather, Tax expression influences other factors such as NF-kappaB that regulate both apoptotic and anti-apoptotic genes. This allows for either a cell death or survival pathway to ensue. It is possible that the pathway chosen is dependent on the cell cycle or what cellular stress pathway is induced.
ANIMAL MODELS OF HTLV-1 AND TAX
Utilization of animals as model systems has proven helpful in understanding the underlying mechanisms of transformation and tumorigenicity of human cancers in vivo. In the case of HTLV-1, a number of investigators have utilized transgenic and severe combined immunodeficient (SCID) mice, rats, and rabbits to dissect the role of Tax and the accessory proteins, p12   I   , p13   II   , and  p30 II , in replication, infectivity, and tumorigenesis.
Rabbits have proven to be an effective in vivo model for HTLV-1 infection (265, 266) . MT-2, an HTLV-1 producing cell line, or cells co-cultivated with MT-2 inoculated into rabbits have been shown to produce two predominant pathologies resembling either chronic infection or acute ATL-like disease (265) (266) (267) (268) (269) (270) . Sequence comparison of the provirus variants isolated from two rabbit cell lines exhibiting these two different pathologies demonstrated about 99% sequence identity. However when compared with the prototypic Japanese HTLV-1 strain, ATK, there was not a clear correlation with lethality (271) . Analysis of the proviral genome within infected peripheral blood lymphocytes revealed integration of the provirus to be primarily monoclonal (266, 272, 273) . These results are consistent with a more recent report demonstrating that rabbits inoculated with infected rabbit T lymphocytes, containing a monoclonally integrated full-length HTLV-1 provirus, were shown to develop an ATL-like disease (274, 275) . This pathology was characterized by thymic atrophy with high thymic proviral loads. Interestingly, this acute phenotype was not observed in rabbits infected with different cell inoculums (generated similarly by cocultivation with MT-2 cells) and thus resembles the phenotype of HTLV-1 infection in humans, where only a small percentage of seropositive individuals develop ATL. Other studies have demonstrated that HTLV-1-associated uveitis can develop in infected rabbits (276) and cell-free HTLV-1 virions were infectious in rabbits (277) .
In order to examine the transforming ability of the tax gene, transgenic mice carrying the HTLV-1 LTR driven tax gene were developed (278, 279) . Five of the eight founder mice expressed the tax transgene within the thymus and muscle tissue. However, this group exhibited extensive thymic depletion and growth retardation followed by death between 3 to 6 weeks of age. Three lines of transgenics from the remaining founder mice were found to develop neurofibromas comprised of perineural cells and fibroblasts at multiple sites between 13 to 17 weeks of age (278, 279) . This was the first in vivo evidence to demonstrate that Tax was a viral oncoprotein. Tumors isolated from these mice and derived cell lines expressed high levels of Tax RNA and protein, suggesting that the tumors were a direct result of Tax activity within these cells. Further examination of cellular factors expressed from these tumors revealed high levels of the granulocytemacrophage colony-stimulating factor (GM-CSF) and interleukin-2 (IL-2) receptor (280) . This phenotype was analogous to that observed in ATL patients and leukemic derived cell lines. Later studies were able to demonstrate other pathologies within these mice, including an exocrinopathy involving the salivary and lachrymal glands that resembles Sjogren's syndrome (280) , muscular atrophy (281), inflammatory arthropathy (282, 283) , inflammatory pulmonary disease involving the peribronchial areas and to a lesser extent the perivascular areas and alveolar septa within the lung (284, 285) , fibrosarcomas (286) , and hypercalcemia (287) . Most of these pathologies have been reported as either HTLV-1 or ATL-associated conditions (288) (289) (290) .
Several additional transgenic mouse models have been developed utilizing cellular promoters to target Tax expression to T lymphocytes. The CD3-epsilon promoter enhancer element was used by Hall et al. (291) to develop a series of Tax transgenic mice. These mouse lines exhibited a variety of pathologies, including mesenchymal tumors (also described as neurofibromas), thymic atrophy, hindleg ataxia and paresis, and mammary and salivary adenomas. Interestingly, the authors demonstrated a high level of apoptosis that strongly correlated with Tax expression in all three tumor types, lending support to the hypothesis that Tax sensitizes cells to apoptosis. Conversely, an additional mouse model was developed where Tax expression was regulated by the granzyme B promoter (39) . This led to targeted expression of Tax within activated CD4 + and CD8 + T lymphocytes, natural killer (NK) cells, and lymphokine-activated killer cells. These mice displayed several features previously discussed such as mesenchymal tumors and thymic atrophy; however, these mice also developed peripheral large granular lymphocytic (LGL) tumors. These LGL tumors were characterized by infiltration of the lymph nodes, bone marrow, spleen, liver, and lungs, in addition to neutrophilia, reticulocytosis, and sporadic thrombocytopenia and anemia. While this data implicates Tax as a being an important contributing factor, additional evidence to support the involvement of HTLV-1 in LGL tumor development has been lacking (292) . However, further studies utilizing these mice have yielded interesting insights into the role of p53 inactivation. When examining the p53 status in these mice, the authors demonstrated that p53 inactivation may be a late event in tumorigenesis (293, 294).
Another mouse model that has also been utilized is the severe combined immunodeficient (SCID) mouse. Feuer et al. (295) were able to propogate peripheral blood lymphocytes (PBLs) from patients diagnosed with ATL, HAM/TSP, or from asymptomatic HTLV-1-seropositive patients. These mice became persistently infected with HTLV-1 and some animals were characterized by lymphoblastic lymphomas originating from ATL PBLs. Additional studies indicated that ATL leukemic cells (containing HTLV-1 proviral DNA sequences but lacking detectable viral gene expression) in contrast to HTLV-1 immortalized cells, which express all viral gene products, were able to generate lymphomas within SCID mice (296) (297) (298) . The failure of HTLV-1 immortalized cells to produce lymphomas was suggested to be due to the clearance of virus-producing transformed cells. The higher tumorigenic potential of ATL tumor cells was due to their inability to express viral proteins and as a result evade NK cell cytolysis. An observation further supported by the fact that when these mice were immunosuppressed and then inoculated with HTLV-1 transformed cells, a lymphoma phenotype was developed. Thus, repression of HTLV-1 expression and evasion of immune surveillance is thought to play a key role in tumorigenicity within ATL.
Lastly, the role of HTLV-1 infection, or more specifically Tax, in the development of a variety of pathologies has also benefited from the WKAH rat models. Expression of HTLV-1 within the spinal cords of this strain of rats was shown to result in a chronic progressive myeloneuropathy with spastic paraparesis of the hind limbs that closely resembles HAM/TSP (299-301). This pathology was characterized by high expression and production of TNF-alpha within the spinal cord and cerebrospinal fluid correlating with pX expression. Apoptosis of Schwann cells within the peripheral nerves was also observed to occur lending support to the theory that HAM/TSP results as an inflammatory response to high viral expression. Therefore, those individuals that have moderate to low viral expression may have more potential to progress from asymptomatic to ATL, since lower expression of viral products may help in bypassing immune detection.
SUMMARY AND PERSPECTIVE
While the accessory proteins have not been directly linked to the tumorigenic process, they still play important roles in viral persistence. The HTLV-1 accessory protein, p12 I , is important for both viral infectivity and T-cell activation and, therefore may be an important precursor for Tax transforming events. In addition, transcriptional regulation via p30 II has the potential to have a significant influence on the tumorigenesis process in HTLV-1 infected cells. More studies are needed to elucidate which genes are regulated through p30 II . Both p30 II and p12 I appear to play a significant role in invading the immune response and are therefore potential candidates for establishing the long latency period observed in HTLV-1 infected patients. Future studies should also be aimed towards understanding both p13
II and p27 I , whose functions are largely unknown.
The mechanisms underlying transformation are not entirely known, but there is a large body of literature that implicates the viral oncogene Tax in tumorigenesis, including many animal models. Tax mainly acts through protein-protein interactions, being a potent transactivator of both viral and cellular transcription. Tax also induces aberrant cell growth through the deregulation of the G 1 /S phase and TGF-beta signaling pathways, as well as inactivation of p53. Inactivation of p53 also provides a mechanism in which Tax effects genomic stability combined with the ability of Tax to bind and interfere with the function of multiple proteins involved in DNA repair and mitotic checkpoints. Finally, Tax appears to indirectly influence the apoptotic fate of the cell, although whether Tax induces or prevents apoptosis remains to be seen and may be dependent on other cellular events such as the cell cycle. Due to the lack of detectable Tax expression in most ATL patient samples, it is thought that Tax is important for early stages of transformation. Whether another HTLV-1 viral protein is needed to maintain the transformed phenotype or whether enough alterations at the genomic level has occurred for the cancer to persist remains to be seen.
Future studies also should be aimed at identifying effective therapy for ATL patients. Based on the multiple alterations of cyclin/cdk activity by Tax, one appealing target for drug design would be to block this hyper-activity. Indeed, some small molecule inhibitors of cdks, such as the ATP analogues Roscovitine and Flavopiridol, which are currently in clinical trials, may be used against increased cdk activity in HTLV-1 infected cells (302) . Another possibility is the use of proteasome inhibitors due to the ability of Tax to manipulate the proteasome to maintain constitutive NF-kappaB activity as well as its ability to induce the degradation of Rb. This therapy is especially attractive because constitutive NF-kappaB activity is also observed in ATL patients in the absence of detectable Tax expression. Furthermore, proteasome inhibitors have been examined in clinical trials as part of anti-cancer therapies (303) . More than likely, a combination of two or more drugs will provide the most effective therapy for ATL patients based on the large number of alterations observed in HTLV-1 infected cells.
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